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Production of heavy states via relativistic bubble expansion

Dynamics of the expansion of a bubble

Nucleation and early expansion

I Nucleation at critical radius Rc ∼ 1
Tn

I Approximate solution of eq. of motion

φ(r) =
v

2

(
1−tanh

(
r − Rc

Lw

))
, Lw ∼

1

M

I Energy released ε ≡ ∆V

I Pressureless expansion

γwp ≡
1√

1− v2
w

⇒ γwp ∝ R
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Production of heavy states via relativistic bubble expansion

Dynamics of the expansion of a bubble

Velocity

I Terminal velocity regime: ∆V = ∆P(γMAX
wp ) ⇒ GW signal from sound waves

I Runaway regime: ∆V > ∆P(γMAX
wp ) ⇒ γwp ∝ R GW signal from bubble collision

I Generic method: solve the full coupled
system of Boltzmann equations

I Regime γ � 1 C → 0: Collisionless
system of quasi-particles

I Pressure on the wall [2010.02590]

P =

∫
pzd

3p

p0(2π)3
fA(p)×

∑
X

∫
dPA→X (pZA − pZX )

AX

symmetricbroken

v⃗
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Production of heavy states via relativistic bubble expansion

Dynamics of the expansion of a bubble

Pressure from 1 to 1

I Pressure on the wall

P =

∫
pzd

3p

p0(2π)3
fΨi (p)×

∑
Ψi

∫
dPi→i (p

Z
i,out − pZi,in)

I LO relativistic pressure [0903.4099]∫
dPi→i → 1, (pZi,out − pZi,in) ≈ ∆m2

i

2E

⇒ P1→1 →
∑
i

∆m2
i T

2

24
ci ,

∆m2
i ≡ m2

bro,i −m2
sym,i

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

Ψ Ψ

m = 0 m = m0



Production of heavy states via relativistic bubble expansion

Dynamics of the expansion of a bubble

Pressure from 1 to 1

I Pressure on the wall

P =

∫
pzd

3p

p0(2π)3
fΨi (p)×

∑
Ψi

∫
dPi→i (p

Z
i,out − pZi,in)

I LO relativistic pressure [0903.4099]∫
dPi→i → 1, (pZi,out − pZi,in) ≈ ∆m2

i

2E

⇒ P1→1 →
∑
i

∆m2
i T

2

24
ci ,

∆m2
i ≡ m2

bro,i −m2
sym,i

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

Ψ Ψ

m = 0 m = m0



Production of heavy states via relativistic bubble expansion

Dynamics of the expansion of a bubble

Pressure by splitting

I NLO relativistic pressure; gauge bosons V [1703.08215]

Eψ ∼ pz,ψ ∼ γwpT � T WKB applicable
dpz
dz
� p2

z

I ∫
dPΨ→VΨ ∼

{
0 if TS
g3v

16π2 Wall breaks TS

I Soft bosons emission ∆p ∼ mV

I Pressure induced

⇒ P1→2 ∼
∑
i

gi
g3v

16π2
γwpT

3

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

Ψ

Ψ

W,Z

g
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Production of heavy states via relativistic bubble expansion

Production of heavy states via mixing and pressure

Pressure by mixing with heavy states[2010.02590]

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

I Q; what about MN � Tnuc ? Transition is dictated by fields m . Tnuc

I Toy model; Lint = Yφχ̄N + MNN̄N, MN � Tnuc

I Probability of transition

∆Pχ→N ∼
Y 2v2

M2
N

, 〈φ〉 ≡ v

I pχ = (E , 0, 0,E ) pN = (E , 0, 0,
√
E 2 −M2

N) ⇒ ∆p ∼ M2
N

2γwpT

I Non-adiabatic regime; ∆pLw < 1 ⇒ multiply by Θ(γwpT −M2
NLw )

I Pressure on the wall

∆Pmixing ≈
Y 2T 2v2

48
Θ(γwpT −M2

NLw )

Pressure depends on MN only in the Θ-function
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Production of heavy states via relativistic bubble expansion

Production of stable particle via the bubble

Production mechanism[2101.05721]
I Portal Dark Matter: L ⊃ −λ2 h

2φ2 −M2
φφ

2 − V (h)

I Non-vanishing VEV:

h→ h + v trilinear coupling L ⊃ −λvhφ2

I In the wall frame: Eh ∼ pz,h ∼ γwpT � T

Ph→φφ ∼
λ2v2

M2
φ

Θ(γwpT −M2
φLw )

I Behind the wall, accumulation of relics φ

nBE
φ ≈

T 3

12π4

λ2v2

M2
φ

e
−

M2
φ

2vTγwp +O(1/γw )

⇒ Ωtoday
φ,BEh

2 ≈ 5.4×105×
(

1

g?S(Treh)

)(
λ2v

Mφ

)(
v

GeV

)(
Tnuc

Treh

)3

e
−

M2
φ

2vTγwp

Broken

Lw
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Tnuc

Symmetric

DM

DM

rehT
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Production of heavy states via relativistic bubble expansion

Conclusion

Idea: production of heavy states

I No wall: transition χ→ N forbidden by four-momentum conservation

pχ = (E , 0, 0,E ) pN = (E , 0, 0,
√

E 2 −M2)

I with wall: z-momentum conservation broken ∆pz 6= 0

⇓

transition χ→ N allowed if enough energy in wall frame ⇒ Pressure on the wall

I Generalisation to 1→ 2: interesting for generation of DM

I Caveat: wall suppression for ∆pzLw > 1
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Conclusion

Back up
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Conclusion

Can γwp be large enough to produce φ of Mφ?

Transition strong enough : ∆V > ∆PLO

Transition sector without Gauge Bosons

∆P = ∆PLO

⇓

Runaway regime: acceleration until collision

⇓

γw ,MAX ≈
MplTnuc

v2

⇒ MMAX
φ ∼ Tnuc

(
Mpl

v

)1/2
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⇓
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Transition sector with Gauge Bosons

∆P = ∆PLO + ∆PNLO
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Production of heavy states via relativistic bubble expansion

Conclusion

Putting ourselves in our universe: Ωtoday
φ,BE h

2 ≈ 0.12 and freeze-out

I If φ was in thermal equilibrium:

Ωtoday
φ, FOh

2 ≈ 0.1

(
0.03

λ

)2(
Mφ

100 GeV

)2

I Ωtoday
φ,BEh

2 ≈ 5.4× 105

(
1

g?S (Treh)

)(
λ2v
Mφ

)(
v

GeV

)(
Tnuc

Treh

)3
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IV
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Large over-production of DM

Remedy to the over-production?

I Annihilation of DM after production: Γann ∼ σφφvrelnφ > H ⇒ Annihilation

I Large supercooling:
(

Tnuc

Treh

)
� 1

I φ was never in thermal equilibrium
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Annihilation after production
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observable GW from DM production mechanism
Strong GW signal
Strong GW signal obtained for: long supercooling, large bubbles, fast walls
⇒ This is exactly the regime for optimal DM production
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